Temozolomide (TMZ) is the preferred chemotherapeutic agent in the treatment of glioma following surgical resection and/or radiation. Resistance to TMZ is attributed to efficient repair and/or tolerance of TMZ-induced DNA lesions. The majority of the TMZ-induced DNA base adducts are repaired by the base excision repair (BER) pathway and therefore modulation of this pathway can enhance drug sensitivity. N-methylpurine DNA glycosylase (MPG) initiates BER by removing TMZ-induced N3-methyladenine and N7-methylguanine base lesions, leaving abasic sites (AP sites) in DNA for further processing by BER. Using the human glioma cell lines LN428 and T98G, we report here that potentiation of TMZ via BER inhibition [methoxyamine (MX), the PARP inhibitors PJ34 and ABT-888 or depletion (knockdown) of PARG] is greatly enhanced by over-expression of the BER initiating enzyme MPG. We also show that methoxyamine-induced potentiation of TMZ in MPG expressing glioma cells is abrogated by elevated-expression of the rate-limiting BER enzyme DNA polymerase b (Polb), suggesting that cells proficient for BER readily repair AP sites in the presence of MX. Further, depletion of Polb increases PARP inhibitor-induced potentiation in the MPG over-expressing glioma cells, suggesting that expression of Polb modulates the cytotoxic effect of combining increased repair initiation and BER inhibition.
Temozolomide (TMZ) is the preferred chemotherapeutic agent in the treatment of glioma following surgical resection and/or radiation. Resistance to TMZ is attributed to efficient repair and/or tolerance of TMZ-induced DNA lesions. The majority of the TMZ-induced DNA base adducts are repaired by the base excision repair (BER) pathway and therefore modulation of this pathway can enhance drug sensitivity. N-methylpurine DNA glycosylase (MPG) initiates BER by removing TMZ-induced N3-methyladenine and N7-methylguanine base lesions, leaving abasic sites (AP sites) in DNA for further processing by BER. Using the human glioma cell lines LN428 and T98G, we report here that potentiation of TMZ via BER inhibition [methoxyamine (MX), the PARP inhibitors PJ34 and ABT-888 or depletion (knockdown) of PARG] is greatly enhanced by over-expression of the BER initiating enzyme MPG. We also show that methoxyamine-induced potentiation of TMZ in MPG expressing glioma cells is abrogated by elevated-expression of the rate-limiting BER enzyme DNA polymerase b (Polb), suggesting that cells proficient for BER readily repair AP sites in the presence of MX. Further, depletion of Polb increases PARP inhibitor-induced potentiation in the MPG over-expressing glioma cells, suggesting that expression of Polb modulates the cytotoxic effect of combining increased repair initiation and BER inhibition.
This study demonstrates that MPG overexpression, together with inhibition of BER, sensitizes glioma cells to the alkylating agent TMZ in a Polb-dependent manner, suggesting that the expression level of both MPG and Polb might be used to predict the effectiveness of MX and PARP-mediated potentiation of TMZ in cancer treatment.
Keywords: base excision repair, methoxyamine, Nmethylpurine DNA glycosylase, poly(ADP-ribose) polymerase, temozolomide. T emozolomide (TMZ) is an oral chemotherapeutic agent approved for the treatment of anaplastic astrocytoma and newly diagnosed glioblastoma. 1 TMZ has also demonstrated clinical activity in metastatic melanoma and is under clinical evaluation for use in other cancers, including leukemia, lymphoma, aerodigestive tract, pancreatic, and neuroendocrine tumors, as well as cancers that have metastasized to the brain. 2 TMZ causes cancer cell cytotoxicity by methylating genomic DNA, producing cytotoxic and/ or mutagenic abnormal DNA bases. 3, 4 The major site of methylation is at the N7 position of guanine (.70%) followed by the N3 position of adenine (9.2%) and the O 6 atom of guanine (5%). 3 However, the ability of cancer cells to recognize and repair those DNA lesions confers chemotherapeutic resistance and limits therapeutic efficacy. 4, 5 The majority of TMZ-induced DNA lesions, including N7-methyl guanine and N3-methyl adenine, are repaired by the base excision repair (BER) pathway, 3 while the O 6 -methyl adduct of guanine is directly removed by O 6 -methylguanine-DNA methyltransferase (MGMT). 6, 7 Although O 6 -methylguanine constitutes only a small proportion of the base lesions produced by TMZ, it is the most cytotoxic of all the lesions induced by TMZ and constitutes a significant fraction of TMZ-induced cytotoxicity. 2 Since O 6 -methylguanine -induced cytotoxicity is mediated through the mismatch repair (MMR) pathway, sensitivity to TMZ requires both low MGMT repair activity and functional MMR. 2 A significant percentage of gliomas lack expression of MGMT due to hypermethylation of the MGMT promoter, whereas at least half of glioblastoma multiforme (GBM) express MGMT, and the expression is associated with resistance to chemotherapy and poor prognosis. 8, 9 Loss of function of the MMR protein MSH6, due to somatic mutations, has also been shown to be associated with glioblastoma recurrence post irradiation and TMZ treatment. 10 Therefore, it is important to either overcome resistance resulting from MGMT activity or find an alternative that improve the efficacy of TMZ in the presence of MGMT activity. However, MGMT inhibitors (e.g., Patrin) 11 have not shown clinical efficacy. 2, 12 A viable option may be to target the BER pathway. Pharmacological inhibition of the BER pathway, which repairs the N7-methylguanine and N3-methyladenine lesions induced by TMZ, has been shown to enhance TMZ-induced cytotoxicity independent of MGMT status. 13 The repair of TMZ-induced base damage by the BER pathway starts with the recognition and removal of the damaged bases by N-methylpurine DNA glycosylase (MPG), also known as alkyladenine DNA glycosylase (AAG). 7 The abasic site (AP site) produced following the action of MPG is then hydrolyzed by AP endonuclease 1 (APE1), resulting in the incision of the damaged DNA strand and formation of a 3 ′ OH group and 5
′ deoxy-ribose phosphate (5 ′ dRP) group in the repair gap.
14 Poly(ADP-ribose) polymerase 1 (PARP1) together with PARP2 and poly(ADP-ribose) glycohydrolase (PARG) recognizes the DNA strand interruption and facilitates the recruitment of subsequent BER proteins, including the BER scaffold protein XRCC1 and DNA polymerase b (Polb).
14 Polb subsequently hydrolyzes the 5 ′ dRP moiety and inserts a single nucleotide, preparing the strand for ligation by a complex of DNA ligase IIIa and XRCC1 to complete the repair process. 15 Enhanced sensitivity to alkylating agents has been observed by modulating the BER pathway in preclinical studies, suggesting BER modulation is an attractive target for chemotherapy potentiation. 16 Currently, several BER proteins are under active investigation as potential targets for chemotherapy sensitization, including APE1, 17 PARP1, 18 PARG, 19 and Polb. 20 -24 Methoxyamine (MX) is a small molecule that specifically inhibits BER 25 and is currently being evaluated in phase I clinical trials (TRC102; ClinicalTrials.gov Identifier: NCT00692159). Methoxyamine inhibits the repair of AP sites by binding to and modifying the AP site, rather than directly inhibiting the enzyme APE1. AP sites modified by MX are refractory to APE1, preventing its processing by the ensuing steps of BER, and the MX-modified AP site is highly cytotoxic. 26 Methoxyamine potentiates a wide range of DNA damaging agents that produce AP sites regardless of the status of MMR, MGMT, and p53. 17 PARP1 (ARTD1) is the founding member of a large family of poly(ADP-ribose) polymerases. 27 -29 It is the primary enzyme catalyzing the transfer of ADP-ribose units from NAD + to target proteins including PARP1 itself. Under normal physiologic conditions, PARP1 facilitates the repair of DNA base lesions by helping recruit the BER proteins XRCC1 and Polb. 30 Inhibition of PARP1 results in decreased repair of DNA base damage and increased sensitivity of cells to alkylating agents, which makes it an attractive and effective target for chemotherapy sensitization. 31 Many PARP inhibitors have been developed and tested in several tumor types. 32 They have been shown to enhance the cytotoxic effect of TMZ against glioma, 33 -35 leukemia, 36 lung, 37, 38 and colon 38 -40 carcinoma cells. Further, it has been shown recently that a PARP inhibitor (ABT-888) + TMZ has broad activity in multiple histologic types in subcutaneous, orthotopic, or metastatic tumor models. 41 PARG is the main enzyme responsible for the degradation of poly ADP-ribose (PAR) in vivo via endo-and exoglycosidic cleavage. 28 Although complete ablation of PARG activity leads to early embryonic lethality, embryonic stem cells derived from a PARG null mouse 42 and cells from PARG 110 (one of three isoforms of PARG)-deficient mice 43 have been shown to be sensitive to alkylating agents and ionizing radiation. In addition, inhibition of PARG activity was demonstrated to sensitize malignant melanoma to TMZ in mouse models. 19 Overexpression of MPG has been reported to sensitize human breast cancer cells, 24 osteosarcoma cells, 44 and ovarian cancer cells 45 to the chemotherapeutic agent TMZ. The increased sensitivity has been shown to be the result of increased repair initiation of the nontoxic N7-methylguanine lesion, 46 saturating the rating-limiting enzyme Polb and resulting in accumulation of cytotoxic 5 ′ dRP repair intermediates. 23 Since most BER inhibitors (e.g., AP site repair inhibition by MX or PARP and PARG inhibition) inhibit the steps following glycosylase-mediated repair initiation, we hypothesize that MPG overexpression might increase BER inhibitor-induced sensitization of glioma cells to the alkylating agent TMZ. In this study, we show that overexpression of MPG sensitizes glioma cells (LN428 and T98G) to MX, the PARP inhibitors PJ34 and ABT-888, or PARG inhibition (knockdown) following exposure to TMZ, demonstrating that increased initiation of BER combined with inhibition of the ensuing repair steps provides enhanced sensitization of glioma cells to TMZ. Further, we show that depletion of Polb enhances the sensitization induced by the combination of increased repair initiation and BER inhibition, whereas elevated expression of Polb abrogates the sensitization. Further, we observed wide variability in mRNA expression for MPG, Polb, and PARP1 in GBM tumors, as compared with normal brain tissue. As our functional 
Materials and Methods

Chemicals and reagents
Alpha Eagle's minimal essential medium (EMEM) was from Mediatech or InVitrogen. Fetal bovine serum (FBS), heat inactivated FBS, Pen/Strep/Ampho, glutamine, and antibiotic/antimycotic were from InVitrogen. TMZ was obtained from the National Cancer Institute Developmental Therapeutics Program. A TMZ stock solution was prepared in dimethyl sulfoxide (DMSO) at 100 mM. Puromycin, gentamicin, and neomycin were purchased from Clontech Laboratories, Irvine Scientific, and InVitrogen, respectively. PJ34 and methoxyamine hydrochloride were purchased from Calbiochem and Sigma, respectively. ABT-888 was kindly provided by Abbott Laboratories. The plasmid pSV2MGMT was kindly provided by B. Kaina.
Plasmid expression and RNAi vectors
Human WT and mutant (N169D) MPG were expressed using the plasmid pRS1422 or pIRES-neo-MPG(N169D), respectively, as described previously. 22 The construction of mammalian expression plasmids of Flag-tagged human WT and mutant Polb (K72A) was described previously. 22 The shuttle vectors (control: pLKO.1-puro-turbo green fluorescent protein [GFP] ; PARG small hairpin RNA [shRNA]: pCMVtGFP-PARG) of the HIV-based lentiviral shRNA expression system were from Sigma. Lentiviruses expressing PARG-specific or control shRNA were prepared by the University of Pittsburgh Cancer Institute (UPCI) lentiviral facility. The shRNA target sequences for PARG are described in detail in Supplementary Table  S1 .
Cell culture and cell line development
The glioblastoma cell line LN428 (kindly provided by Ian Pollack; University of Pittsburgh, PA) was cultured in Alpha EMEM supplemented with 10% heat inactivated FBS, glutamine, antibiotic/antimycotic, and gentamicin, as we have described previously. 22 LN428 is an established glioblastoma-derived cell line with mutations in p53 and deletions in p14 ARF and p16 and is WT for PTEN. 47, 48 Additional glioma cell lines used herein are detailed in Table 1 49, 50 using FuGene 6 Transfection Reagent, as described previously. 22 Forty-eight hours after transfection, lentivirus-containing supernatant was collected and passed through 0.45-mM filters to isolate the viral particles. Lentiviral transduction was performed as described earlier. 22 Briefly, 6.0 × 10 4 cells were seeded into a 6-well plate 24 h before transduction. Cells were transduced for 18 h at 328C and then cultured for 72 h at 378C. Cells expressing GFP or both GFP and PARG-specific shRNA were isolated by fluorescence activated cell sorting, or FACS. LN428 cell lines engineered to overexpress MGMT (LN428/MGMT) were developed by plasmid transfection. Briefly, 1.5 × 10 5 cells were seeded into 60-mm dishes and incubated for 24 -30 h at 5% CO 2 
Cell cytotoxicity assay
Short-term cell survival assay-TMZ-or TMZ + MXinduced cytotoxicity was determined by an MTS assay, a modified MTT assay, as described previously. 22 Results were calculated from the average of 3 or 4 separate experiments and are reported as the percentage of treated cells relative to the cells without treatment (% control).
Long-term cell survival assay-Cells were seeded into a 6-well plate 24 h before exposure to PJ34 (4 mM), ABT-888 (10 mM) or DMSO as control.Thirty minutes later, cells were treated with TMZ alone, TMZ plus PJ34 (2 mM), or TMZ plus ABT-888 (5 mM) for 6 h. Cells were washed with PBS, trypsinized, resuspended, and counted before being re-seeded into 3 100-mm cell culture dishes at 8000 (for LN428 cell lines) or 3000 (for T98G cell lines) cells each. Cells were incubated with or without 2 mM PJ34 or 5 mM ABT-888 for 10 days, and the cells were counted. Results were calculated from 3 independent experiments and reported as percentage relative to the control treatment (% control).
Cell extract preparation and Western blot
Nuclear extracts were prepared and protein concentrations were determined as described previously. 22 Twenty mg of protein was loaded on a precast 4-20% Tris-glycine gel (Invitrogen) or 25 mg of protein was loaded onto a precast 4-20% Mini-PROTEAN TGX gel (Bio-Rad). For the whole cell extracts used in probing PAR, 3 × 10 6 cells were seeded into a 100 mm cell culture dish 24 h before drug treatment. Cells were then treated with TMZ (1.5 mM) or DMSO (control) for different periods of time. After treatment, the cells were washed twice with cold PBS, collected, and lysed in 400 mL of 2X Laemmli buffer (2% sodium dodecyl sulfate, 20% glycerol, 62.5 mM Tris-HCl, pH 6.8, 0.01% bromophenol blue). Samples were boiled for 8 min and extracts from approximately 1. 
Isolation and analysis of total RNA from normal brain and GBM tumor tissue
Approval by an institutional review board was obtained under the University of Pittsburgh tissue banking protocol, and all subjects provided written informed consent for participation. Formalin-fixed paraffin-embedded (FFPE) tumor and normal tissue were obtained and evaluated by a board-certified pathologist (RLH) to verify that representative sections were used. All tissue samples were obtained using an honest broker and samples were de-identified. Total cellular RNA was isolated from archival FFPE tumor (a GBM) and normal brain tissue using the RecoverAll Total Nucleic Acid isolation kit (Ambion), and the final concentration was determined using a Nanodrop spectrophotometer (Thermo Fisher Scientific). Following isolation, cDNA was synthesized from 50 ng of RNA using the Applied Biosystems High Capacity cDNA Reverse Transcription Kit (part #4375575), essentially as we have described previously. 51 Briefly, cDNA was preamplified for 10 cycles using the TaqMan TM PreAmp Master Mix (part # 4391128) and diluted 1:5. The preamplified cDNA was next analyzed using validated Applied Biosystems TaqMan Gene Expression Assays (human MPG: Hs00357983-G1; human Polb: Hs01099715-M1; and human PARP1: Hs00911369-G1) and normalized to the expression of human b-actin (part #4333762T). Expression analysis was determined using the △△C T protocol as per the manufacturer to determine the relative level of expression, as compared with human b-actin among all samples. From each tumor sample, expression was normalized to the level of expression in a normal brain sample (sample #20).
Quantitative RT-PCR analysis
Expression of MPG, Polb, and PARP1 in the cell lines was measured by quantitative reverse transcriptase (qRT)-PCR using an Applied Biosystems StepOnePlus system as described previously. 22 Briefly, 80 000 cells were lysed and reverse transcribed using the Applied Biosystems Taqman Gene Expression Cells-to-CT Kit. Each sample was analyzed in triplicate, and the results are an average of all 3 analyses. Analysis of mRNA expression was conducted as per the manufacturer (△△C T method). The Applied Biosystems TaqMan Gene Expression Assays used were as follows: human MPG: Hs00357983-G1; human Polb: Hs01099715-M1; and human PARP1: Hs00911369-G1. Each were normalized to the expression of human b-actin (part #4333762T). 52, 53 Therefore, when the DNA is in a stem-loop structure, the 6-FAM at the 5 ′ end and the Dabcyl at the 3 ′ end are brought into close proximity. The close proximity of the 6-FAM to Dabcyl enables efficient quenching of 6-FAM by Dabcyl. If the 1A is removed by MPG and the DNA backbone is hydrolyzed by APE1, the 6-FAMcontaining oligonucleotide (4 bases in length) will dissociate from the hairpin at 378C (Fig. 1C) and the 6-FAM dissociation from the DNA hairpin prevents the quenching by Dabcyl. The increase in 6-FAMmediated fluorescence is proportional to the amount of 1A removed. Any increase in fluorescence in control beacon with a normal adenine would be the result of nonspecific cleavage of the DNA backbone.
DNA glycosylase molecular beacon activity assay
To ensure that the beacons correctly adapted a stemloop structure, each was incubated at 958C for 3 min. The beacons were removed from the heat and allowed to slowly cool overnight to room temperature in an insulated container. Once the hairpin was formed, no measurable fluorescence was detected (not shown) and the hairpin was stable at 378C for greater than 120 min. However, when heated to 958C, the hairpin unfolds, resulting in maximum fluorescence intensity (not shown). Nuclear protein extracts were prepared as described above (in the section "Cell extract preparation and Western blot"). Approximately 500 mL of nuclear protein extracts were dialyzed twice using the Slide-A-Lyzer Dialysis Cassette with a 7000 molecular weight cut-off. The samples were dialyzed for 90 min at 48C in the following buffer: 50 mM Hepes, pH7.5, 100 mM KCl, 0.5 mM ethylene-diaminetetraacetric acid (EDTA), 20% glycerol, and 1 mM DTT. Reactions were performed using 10 mg of dialyzed protein extract and beacon substrate (final conc ¼ 40 nM) in the following buffer: 25 mM HEPES-KOH pH7.8, 150 mM KCl, 0.5 mM EDTA, 1% glycerol, and 0.5 mM DTT. Fluorescence was measured every 20 s for 60 min, using a StepOnePlus real-time PCR system and expressed as arbitrary units (AU).
Molecular beacon data analysis
The fluorescence data were analyzed to enable comparisons across cell lines and for comparison of control and lesion-containing BER beacons. We eliminated the background fluorescence due to incubation of the beacon alone by subtracting the fluorescence values of a control well containing no protein extract from all wells using that molecular beacon. To enable comparisons across different cell lines, molecular beacons, and trials, we selected the fluorescence value of the 5-min time point as the zero value for each well. We subtracted this value from all other time points in that well so all graphs begin from zero AU and 5 min after initiating the reaction. Five minutes was selected as the point from which to begin comparisons, because time points earlier than 4 min contained variations in absolute fluorescence measurements independent of the molecular beacon and cell line (not shown). Five minutes was selected to eliminate the variable measurements and to facilitate valid comparisons between trials and conditions. The mean of 3 separate trials was plotted, with error bars representing the standard error of the mean.
DNA extraction and MSP assay for human MGMT promoter DNA was purified from 5 × 10 6 LN428 cells and T98G cells using the DNeasy tissue kit (Qiagen) according to the manufacturer's instruction, and methylation of the MGMT promoter was determined by methylationspecific PCR (MSP), as we have described previously. 54 The sense and antisense primers for the methylated human MGMT promoters were 5
′ -TTTCGACGTTC GTAGGTTTTCGC-3 ′ and 5 ′ -GCACTCTTCCGAAAA CGAAACG-3 ′ , respectively, and the primers used to detect the unmethylated human MGMT promoters were 5
′ -TTTGTGTTTTGATGTTTGTA GGTTTTT GT-3 ′ and 5 ′ -AACTCCACACTCTTCCAAAAAC AAAACA-3 ′ , respectively. 54 The PCR products (93 bp for the unmethylated human MGMT promoter and 81 bp for the methylated human MGMT promoter) were analyzed by 4% agarose gel electrophoresis (Invitrogen-Gibco) using Universal unmethylated DNA (Chemicon International) as a negative control DNA and Universal methylated DNA (Chemicon International) as a positive control DNA.
Cloning and expression of human MGMT
The human MGMT cDNA (pSV2MGMT) was amplified by PCR using primers hMGMT-F (CACCAT GGACAAGGATTGTGAAAT) and hMGMT-R (CTA GTTTCGGCCAGCAGG CG). MGMT cDNA was then cloned via a topoisomerase cloning procedure into the pENTR-D cloning plasmid (Invitrogen), as per the manufacturer's protocol. The human MGMT open reading frame (ORF) was transferred from pENTR-hMGMT to a Gateway modified pIRES-Puro plasmid via LR recombination reaction, as per the manufacturer (Invitrogen).
Results
MX-induced potentiation of TMZ is enhanced by overexpression of MPG
To test our hypothesis that increased repair initiation by MPG will further sensitize glioma cells exposed to BER inhibitors, we stably overexpressed WT MPG in the LN428 glioma cell line. Overexpression of MPG was confirmed at the protein and mRNA levels using immunoblot (Fig. 1A) and qRT-PCR analyses, respectively (Fig. 1B) , with an approximate 40-fold increase of mRNA.
To confirm the increased glycosylase activity in the MPG overexpressing cells (LN428/MPG), we developed a real-time, quantitative fluorescent MPG activity assay using a modified form of molecular beacons, similar to those previously reported for oxidative damage. 55, 56 However, instead of incorporating multiple base lesions into the stem, 55, 56 we designed a BER beacon (BER-beacon) with a single base lesion to more accurately and quantitatively determine lesion repair rates. This unique BER-beacon comprises a single DNA oligodeoxynucleotide designed to form a stem-loop structure and contains a 5 ′ fluorophore (6-FAM) and a 3 ′ quencher (Dabcyl) on either end of the oligonucleotide. A 1,N
6
-ethenoadenine lesion (1A), a substrate of MPG, 57 was positioned in the stem region of the BER-beacon at base #5 from the 5 ′ end and is used to probe for MPG activity. The same BER-beacon structure with a normal adenine was used as the control substrate. Following removal of 1A by MPG and subsequent DNA strand excision by APE1 5 ′ to the AP site, the fluorophore 6-FAM is separated from the quencher (Dabcyl) and the increase in fluorescence signal (517 nm) is proportional to the level of MPG activity (Fig. 1C) . The LN428 lysate incubated with the control beacon (Fig. 1D , red filled squares) had a minimal (if any) increase in fluorescence, indicating the control beacon is largely intact. The LN428 lysate had little or no endogenous MPG activity, since when incubated with the beacon containing the MPG-specific substrate 1A, there was no observable change in fluorescence (Fig. 1D, green open squares) . The LN428/MPG lysate also did not have a negligible increase in fluorescence when incubated with the control beacon (Fig. 1D , orange open circles), indicating that MPG overexpression does not increase cleavage of normal DNA. However, the LN428/MPG lysate exhibited robust MPG activity visible with a large increase in fluorescence when incubated with the molecular beacon containing the MPG substrate 1A (Fig. 1D, filled blue circles) . This corresponded to an overall 7.9-fold increase in MPG activity (measured at 60 min), as compared with the LN428 cells and an estimated rate of repair (based on the slope of the curve from 15 to 30 min) of 107.00 AU/min, whereas the background rate of repair in the LN428 cell lysate was similar to the background signal using the control beacon (14.64 AU/ min). This demonstrates that the LN428/MPG cell line has increased functional MPG and does not recognize normal DNA as a substrate. These data are in line with our earlier report showing that overexpression of MPG results in an increase in DNA glycosylase activity. 23 Using a short-term cell survival assay (48 h MTS assay), we next assayed the potentiation of TMZ by MX in the LN428 cells, with or without MPG overexpression. MX sensitized both cell lines to TMZ, but sensitization of the LN428 cells was minimal ( Supplementary Fig. S1 ). In the LN428 cells, MX induced a 1.5-fold increase in sensitivity to TMZ (LN428 IC 50 , TMZ treatment: 1.5 mM; TMZ + MX treatment: 1.0 mM). However, the potentiation of TMZ induced by MX was significantly greater in the LN428/MPG cells, decreasing the half maximal inhibitory concentration (IC 50 ) in the combined treatment 4-fold, as compared with the LN428 cells (LN428/ MPG IC 50 , TMZ treatment: 0.8 mM; TMZ + MX treatment: 0.25 mM) (Fig. 1E and Supplementary Fig.  S1 ). To confirm that MPG overexpression-induced potentiation is a result of elevated glycosylase activity, we overexpressed a mutant MPG (N169D) in the glioma cell line LN428. This active-site mutant has been shown to have 100-fold less glycosylase activity than WT MPG. 58 Overexpression of the mutant MPG did not sensitize LN428 cells to a combined treatment of MX and TMZ (Fig. 1F ), supporting our hypothesis that MPG overexpression-induced sensitization is due to increased DNA glycosylase activity in the cells.
MX-induced potentiation of TMZ is regulated by the expression of Polb
Although MX reacts efficiently with AP sites in vitro, 25 it is also possible that a fraction of the AP sites produced following TMZ exposure will be processed by APE1 and subsequently repaired in vivo. To investigate the possibility that robust BER would alter the MX-induced potentiation of TMZ, we overexpressed Polb, the rate-limiting enzyme of the BER pathway, 59 and assayed MX-induced potentiation. Overexpression of WT Polb in the LN428/MPG cells ( Fig. 2A) completely abrogated the potentiation induced by MX (Fig. 2B , compare to Fig. 1E ). In contrast, overexpression of a 5 ′ dRP lyase null mutant (K72A) of Polb 15, 60 ( Fig. 2A ) did not affect the MX-induced potentiation of TMZ (Fig. 2C) . Further, to determine whether increased expression of APE1 affects MX-induced potentiation of TMZ, we overexpressed APE1 in the LN428/MPG cells ( Fig. 2D and Supplementary Fig. S2B ). Interestingly, increased expression of APE1 did not alter the potentiation of TMZ induced by MX (Fig. 2E) . A possible explanation for this latter observation is that although overexpression of APE1 increased its mRNA level by 20-fold, its protein level was only slightly increased, which might not be sufficient to significantly increase the number of AP sites processed by APE1 (see Fig. 2D and Supplementary Fig. S2B ).
PARG deficiency-induced potentiation of TMZ is enhanced by over-expression of MPG in the presence of MGMT Next, we addressed chemotherapy sensitization in an MGMT-positive background. The LN428 cell line used in our study has no detectable expression of S2A ). To study BER inhibition-induced chemotherapy potentiation in the presence of MGMT expression, we transfected the LN428 and LN428/MPG cells with a mammalian expression plasmid (pIRES-PurohMGMT), and cell clones stably expressing MGMT were selected for further analysis (Fig. 3B) . Overexpression of MGMT yielded LN428 cells resistant to TMZ in a long-term cell survival assay (Fig. 3C) .
Although poly(ADP-ribosyl)ation of PARP1 and other BER proteins facilitates the repair of base lesions, the dynamics between PAR synthesis and degradation is also important for the effectiveness of the repair process. 19 Previously, it was reported that a deficiency in the degradation of PAR negatively affects the repair of base lesions and sensitizes cells to base damage. 31 Since PARG is the primary enzyme responsible for degrading PAR in vivo, we investigated whether PARG-KD-induced potentiation of TMZ can be enhanced by overexpression of MPG. We first screened five different shRNA constructs targeting PARG (Fig. 3D ) using an HIV-lentiviral system 49, 50 in the LN428/MPG cells for effective KD of the enzyme. Using RNA prepared from LN428/MPG cells expressing each of the 5 PARG-specific shRNAs, qRT-PCR results showed that the cells expressing shRNA#1 and shRNA#4 have the lowest levels of PARG mRNA (Fig. 3E) . To assay the impact of PARG-KD on the ability of cells to degrade DNA damage-induced PAR formation, control cells and cells treated with 1.5 mM TMZ were lysed at different time points and the lysates were probed for PAR in immunoblot analyses. Consistent with the qRT-PCR results, expression of PARG shRNA #1 and #4 greatly decreased the degradation of PAR following exposure to TMZ (Fig. 3F) . Based on these results, we decided to use shRNA #4 for effective PARG KD in the following experiments. Further, to target tumor cells that express MGMT, we assayed PARG KD -induced potentiation of TMZ in the LN428 cell lines with overexpressed MGMT. First, we generated stable PARG KD in the MGMT expressing LN428 and LN428/MPG cell lines, as determined by qRT-PCR, using the PARG shRNA #4 lentivirus ( Supplementary Fig. S2C and  S2D) . Next, using long-term cell survival assays, we probed the PARG KD -induced potentiation of TMZ in these cell lines. The results demonstrated that a deficiency in degrading PAR as a result of PARG KD significantly (P , 0.005) sensitized cells to TMZ (300 mM) in the MPG overexpressing cells (LN428/MGMT/ MPG) by decreasing the percent cell viability from 87% to 47% (Fig. 3G) , while sensitization by PARG KD was not statistically significant (P . 0.1) in the parental cells that exhibit a low (almost undetectable) level of MPG expression (LN428/MGMT) (Fig. 3G) .
PARP inhibitor-induced potentiation of TMZ is enhanced by overexpression of MPG
Using a long-term cell survival assay, we next assessed whether the PARP inhibitor -induced potentiation of TMZ is affected by overexpression of MPG. We have previously shown that the PARP inhibitor PJ34 (2 mM) significantly reduced the level of PARP activation following exposure to TMZ. 22 Here we show that pre-(4 mM) and cotreatment with PJ34 (2 mM) significantly sensitized cells to TMZ, with P , 0.01 for TMZ doses higher than 150 mM, and sensitization by PJ34 was not observed in the parental cells with a low level of MPG expression (LN428/MGMT) (Fig. 4A) . To further confirm that overexpression of MPG increases the PARP inhibition -induced potentiation of TMZ in glioma cells, we used a second glioma cell line, T98G, 61 which has endogenous elevated expression of MGMT ( Fig. 3A and B) . We inhibited BER using the clinically relevant PARP inhibitor ABT-888 62 in similar experiments as those conducted in the LN428 cell lines. We first overexpressed MPG in the T98G cells using a mammalian expression plasmid (pRS1422). Overexpression of MPG in the T98G cells increased its mRNA level (10-fold) and protein level as determined by immunoblot and qRT-PCR analyses ( Supplementary Fig. S3A and S3B). Consistent with previous reports that demonstrate ABT-888 potentiates TMZ in diverse tumor models, 41, 62 treatment with ABT-888 sensitized T98G cells to TMZ (Fig. 4B) . More importantly, overexpression of MPG significantly increased the potentiation induced by ABT-888 ( Fig. 4B , P , 0.05 and P , 0.01). Depletion of Polb in the MPG-overexpressing T98G cells (T98G/ (Fig. 4C and Fig. 4B) . A combined treatment with TMZ and ABT-888 in the T98G/MPG/ Polb KD cells induced significantly increased cytotoxicity compared with TMZ treatment alone ( Fig. 4C , P , 0.01), suggesting that the expression status of Polb also plays a role in determining the ABT-888 -induced potentiation of TMZ. These results demonstrate that increased BER repair initiation enhances the PARP inhibitorinduced potentiation of TMZ via a process that is also dependent on the expression of Polb. Hence, the expression level of both MPG and Polb in tumors might be used as a biomarker for alkylator chemotherapy potentiation by methoxyamine or PARP inhibitors. These functional and drug-induced cytotoxicity analyses prompted us to next determine if glioma cell lines and glioma tumors present with varying levels of expression for MPG, Polb and PARP1 mRNA, and/ or protein. We obtained additional established glioma cell lines and characterized the mRNA expression of MPG, Polb, and PARP1 by qRT-PCR. As shown (Fig. 5A-C) , the mRNA expression was variable across the 11 cell lines. Both MPG and Polb mRNA expression varied as much as 4-fold compared with the LN428 cell line, whereas PARP1 mRNA expression was relatively constant. In some cases, we were also able to analyze protein expression by immunoblot. As shown in Fig. 5D , Polb protein expression was relatively constant, whereas variations in protein expression were observed for MPG and PARP1. It should be noted that the relationship between mRNA and protein expression is not always 1:1, as suggested previously. 63 Interestingly, the mRNA expression pattern in the GBM tumors was considerably more varied. In this analysis, expression was normalized to the expression of each mRNA in a normal brain tissue sample (Fig. 6 ). Both normal brain samples presented with relatively similar expression levels for all 3 mRNAs analyzed. However, the tumor tissue showed significant variability in the expression of these key BER genes: MPG mRNA expression varied as much as 10-fold (Fig. 6A) , Polb mRNA expression varied as much as 8-fold (Fig. 6B) , and PARP1 mRNA expression varied as much as 40-fold compared with normal brain (Fig. 6C ).
Discussion
MPG initiates the repair of a spectrum of DNA base lesions, 64 in particular the repair of alkylated bases. 7 It has been demonstrated that MPG expression levels vary considerably in human breast cancer, 65 astrocytic tumors, 66 and glioblastoma. In addition, MPG possesses multiple post-translational modifications and interacts with many DNA repair proteins, including XRCC1 and HR23A, suggesting that the glycosylase activity of MPG may be under tight cellular regulation.
14 Here, we demonstrate that BER inhibitor -mediated sensitization of glioma cells to TMZ is enhanced by overexpression of MPG. Glioma cells with elevated expression of MPG exhibited dramatically increased potentiation of TMZ via several BER inhibitors, including MX, and the PARP inhibitors PJ34 and ABT-888, or by PARG depletion (PARG KD). The enhanced potentiation of TMZ in the MPG-overexpressing glioma cell lines observed in these studies is in line with a previous report showing that MX-induced sensitization is increased by MPG overexpression in ovarian cancer cells. 45 However, the expression level of MPG is not the only factor that controls the MX-induced potentiation of TMZ, as it is also related to the efficiency and expression of the BER pathway proteins that process AP sites and downstream repair intermediates. From our experiments (Fig. 2B and C) , we show that overexpression of the wild-type BER rate-limiting enzyme Polb, but not the 5 ′ dRP lyase activity null mutant of Polb (K72A), in the MPG-overexpressing cells abrogates the MPG-dependent potentiation. Therefore, it is the collective expression status of both MPG and Polb that defines the sensitization induced by MX. It is possible that the presence of Polb lyase activity modulates the binding efficiency of MX to the AP site; thus elevated expression of Polb abrogates the MX-induced potentiation of TMZ in the MPG-overexpressing cells. This is consistent with a recently suggested BER biochemical model of substrate channeling, 67 as well as the finding that PARP1 recognizes AP sites. 68 However, these studies also raise the possibility that the 5 ′ dRP lesion, the substrate of the lyase activity of Polb, may also be recognized and bound by MX, suggesting that increased expression of Polb competes with MX for the binding and processing of 5 ′ dRP and leads to cytotoxic protection. APE1 is the main enzyme that directly competes with MX for the processing of AP sites in cells, yet overexpression of the enzyme did not alter the MX-induced potentiation of TMZ (Fig. 2E) . A possible explanation might be that although APE1 mRNA levels were increased by more than 20-fold ( Supplementary Fig. S2B ), the protein level of APE1 was only slightly increased (Fig. 2D) . Since APE1 is an abundant enzyme in cells, a slight increase in the level of APE1 protein may not change the ratio of AP sites processed by APE1 or MX. As discussed in our previous report, the dynamics between PAR synthesis and degradation not only are involved in facilitating the repair of base lesions, but also act as a mediator of cell death via hyperactivation of PARP and subsequent cellular energy depletion in response to the accumulation of unrepaired BER intermediates. 22 Thus, although inhibition of the hyperactivation of PARP and PAR synthesis provides a short-term cell survival advantage, damage-induced DNA lesions persist in cells due to the inhibition of the role of PARP in repair. Cells harboring the unrepaired DNA lesions will eventually die due to the accumulation of double strand breaks (DSBs), as cells go through multiple rounds of replication. 69 Therefore, in the context of chemotherapy sensitization involving PARP inhibition or depletion of PARG (PARG KD), the long-term assay (10 days) for cell survival, which allows for multiple rounds of DNA replication, is more suitable than the short-term (2 days) MTS assay. For this reason, all the cell survival assays involving PARG or PARP inhibition were conducted using the long-term assay as described in "Materials and Methods." PARG is the primary enzyme for degrading PAR in human cells. It has been reported that the PARG inhibitor GPI 16552 chemosensitizes malignant melanoma to TMZ, 19 which implies that not only poly(ADP-ribosyl)ation of target proteins by PARP but also the rapid clearance of PAR by PARG is important for cell survival following DNA base damage. In line with the previous report demonstrating that PARG inhibition sensitizes melanoma to TMZ, 19 we report herein that shRNA-mediated PARG downregulation sensitizes glioma cells to TMZ. More importantly, we show that the sensitization is greatly enhanced in cells with elevated expression of MPG (Fig. 3G) .
PARP has recently become the focus of investigations of chemotherapy potentiation since the publication of a sensitive phenotype induced by PARP inhibitors in breast cancer cells bearing a loss of BRCA1 or BRCA2 function. 70, 71 Currently, PARP inhibitors are under phase 0 to phase 2 clinical trials in combination with the clinical alkylating agent TMZ. 32 The rationale for combining a PARP inhibitor with TMZ is generally considered to be the inhibition of repair of TMZ-induced DNA lesions via inhibiting the role of PARP in BER. However, it is not known if the status of the BER pathway inherent in cancer cells has an impact on the potentiation induced by PARP inhibitors. In this study, using the PARP inhibitors PJ34 and ABT-888, we demonstrated that PARP inhibitor -induced potentiation of TMZ is significantly enhanced in glioma cells with elevated expression of MPG (Fig. 4A) , suggesting that increased repair initiation of TMZ-induced base lesions can further sensitize cancer cells to PARP inhibition, and the expression level of MPG in cancer cells may predict clinical outcome. The functional significance of these proof-of-principle studies is enhanced by our expression analysis of 3 key BER genes in GBM tumors. We find considerable variability in the expression of the BER genes MPG, Polb, and PARP1. These findings are in line with those reporting elevated expression of MPG 65, 66, 72 and Polb 73 in tumors as well as the recent findings of upregulation of PARP1 in triple-negative breast cancer, medulloblastoma, and pediatric glioma. 74 -76 This study addresses the relationship between DNA glycosylase and Polb expression and chemotherapy sensitization via BER inhibition (MX, the PARP inhibitors PJ34 and ABT-888, or PARG KD). We demonstrated that the BER inhibition-induced potentiation of TMZ is enhanced by over-expression of the BER initiating enzyme MPG, suggesting that combining inhibition of repair and robust initiation of the BER pathway is an effective means to improved chemotherapy efficacy. Further we suggest that the expression level of both MPG and Polb in cancer cells might be used to predict effectiveness when combining BER inhibition and alkylating agents.
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